A dynamic experiment at mesoscale is developed to measure local deformation and strain in granular materials at high temporal and spatial resolutions. The experimental setup is comprised of a high-speed camera along with a high magnification extension tube. The method is demonstrated by measuring the full field strain across and in the boundary of the crystals at a high temporal resolution in polymer bonded sugar crystals and glass beads filled epoxy particulate composite specimens under dynamic loading. In both cases, the local strain heterogeneity is captured successfully. The measured strain and deformation field can be further used to obtain the relative motion of each crystal, crystal rotation, and the relative displacement between the polymer interface and the crystal, which are very critical to understand the local failure mechanisms in heterogeneous materials. C Since it was proposed in 1949 by Kolsky, the Kolsky bar has been widely used to characterize materials under dynamic loading conditions.
1 The recent development of optical systems and digital based experiments extended the technique to accommodate non-homogeneous and anisotropic materials. Dynamic properties of heterogeneous materials have been investigated in Kolsky bars along with photoelasticity and digital image correlation (DIC).
2-5 Though these optically based measurements with a high temporal resolution at macro scale have been valuable techniques to understand the failure mechanism at continuum scale, they could not provide insights into the local deformation mechanisms. [6] [7] [8] [9] [10] Due to the material inherent heterogeneity, measuring deformation at sub-grain scale level is paramount to fully understand the fundamental failure mechanisms of granular materials.
DIC has been effectively implemented to measure deformations at submicron scale under quasi-static loading. 11, 12 However, high temporal digital image based measurements at a high spatial resolution are still not well established. Recently, high speed X-ray has been used for full field strain measurement and damage assessment at high temporal and spatial resolutions. 13, 14 For strain measurement, ultrafast X-rays and X-ray speckles (inherent features) are used to obtain the images before and after deformation.
14 The application of X-ray DIC has been demonstrated successfully. 14 However, due to its complex experimental setup, difficulty in obtaining appropriate X-ray speckles and high cost associated with commissioning and running the setup, the X-ray DIC is limited to few users.
The demand for understanding the dynamic local deformation and failure mechanisms of heterogeneous materials necessitates alternative and relatively simple optical full-field deformation measurements at sub-grain scale. Bodelot et al., recently using a high speed camera, HPV-2, equipped with an Infinity K2 long-distance microscope, measured the deformation of copper at a framing rate of 500 000 frames/sec and achieved a spatial resolution of 15.2 µm/pixel. In this note, an optical based experimental setup that can be used to obtain surface strain fields and deformation in heterogeneous materials at a speed up to one million frames per second and spatial resolution of 10 µm/pixel is presented. To demonstrate the technique, two material systems: (1) polymer bonded sugar crystals, 85% sugar crystals of size varying 200-800 µm with 15% of plasticized hydroxyl terminated polybutadiene (HTPB) and (2) glass filled epoxy particulate composite, 80% spherical glass beads of diameter between 200 and 400 µm with 20% epoxy are used and their local deformation under dynamic loading is measured. A conventional specimen size, dimensions 18 × 12 × 12 mm, is used to make sure that the representative volume element is enough to give the continuum scale response of the material when loaded with Kolsky bar. For the DIC, a high contrast, random, and isotopic pattern is needed. It is important to choose the right size speckles according to the image resolution of the optical system and experimental setup. As a "thumb of rule" for good displacement resolution and accuracy, every speckle has to be sampled by at least 3-5 pixels. 16, 17 To generate the needed speckles on the specimen surface, the specimen is grounded and dry polished with silicon carbide paper of grit size varying from 240 to 1200 and then fine polished with diamond particles of 3 µm.
The area of interest (AOI) is marked and the microstructural image of the AOI is taken before loading using an optical microscope. During speckling, a thin layer of white paint was applied, using an airbrush, on the specimen surface covering the AOI and left to dry partially. A black toner powder size vary from 12 to 20 µm is deposited on top of the partially dried white paint by blowing the powder onto the surface using an air gun and was kept to dry completely. With this process, random high contrast and isotropic speckle patterns are obtained. Schematic representation of the proposed experimental setup is shown in Fig. 1 . The setup comprises of a Kolsky bar with input and output bars made of polycarbonate, data acquisition, oscilloscope, strain gages, amplifier, and high magnification optical system. The high magnification optical system incorporates a high speed camera and high magnification extension tube focused at the AOI of the specimen. The highspeed cameras used in this experiment are SA-X2 by Photron at 100 000 frames/s and HPVX-2 by Highland Imaging at 1 000 000 frames/s and the high magnification extension tube is from Navitar. Lighting is provided using two cold light light-emitting diode (LED) lamps and one single point halogen flexible light pipe (not shown in schematic) that is kept as close as possible to the specimen without obstructing the camera view. Post processing is done with the help of commercially available software Vic2D, by Correlated Solution, Inc., and details of the correlation parameters used in our study are given in Table I . The theory and further description of DIC technique can be found elsewhere. [16] [17] [18] The measurement noise level was estimated by correlating 15 still images taken just before the start of the dynamic test. The strain was computed using the parameters given in Table I . The noise level in strain was in the order of 1000 micro-strain for both cameras, with an uncertainty of 0.2% for SA-X2 and 0.33% for HPVX-2, which is accurate enough to capture the large local deformation expected in heterogeneous materials. Fig. 2 shows the local strain field with the corresponding microstructure of a polymer bonded sugar (PBS) subjected to dynamic loading at instant 160 from the time the loading starts. As shown in the figure, highly heterogeneous strain localization is captured using the proposed experimental setup.
It is important to note that the local axial strain is as high as 8% for only 3.5% of global axial strain. In addition, the lateral strain is localized predominantly at 45
• from the loading axis indicating a local shear band formation. The shear formation observation is also supported by the local shear strain field shown in Fig. 2(c) . The local tensile transverse strain (Fig. 2(b) ) is as high as 8%, indicating the possibility of interface failure and delamination of crystals.
It can be seen that the strain localization is confined at the polymer rich interfaces between particles while most of the particle stays within the elastic range. It is also noticed that the high strain localization occurred in the region where small crushed crystal powders are bonded together with the binder and surrounded by large crystals. For example, the area surrounded by the crystals 10, 15, and 19 is rich in polymer and shows high strain localization indicating a hot spot area in the material for failure initiation. On the other hand, there are some cases where the lateral strain in the crystals is higher than the failure strain of the sugar crystal, for example, crystals 13, 6, and 20. This indicates that there are locations where crystals fracture. Though it is hard to identify the reason for the large strain observed in some crystals, the existence of initial flaw was the cause at least for crystal 6. The initial crack on crystal 6 seen in Fig. 3(a) expands and opens up as loading progress and causes high strain localization as shown in the local lateral strain plot in Fig. 3(c) .The sharp point contact between crystals 13 and 14 could form stress concentration on crystal 13 and led to crystal 13 to fracture and could be the reason for the large strain observed in that region.
Similarly, the local strain distribution is captured at a higher rate for the glass-epoxy particulate composite specimen. Though the strain heterogeneity looks similar to the one shown in PBS, in the case of glass-epoxy composites, the strain localization initiated and reached the local failure strain early. Since the epoxy is way harder than the HTPB binder, this is expected. At 0.43% global strain, the axial strain reaches as high as 3% and the local transverse strain reaches as high as 8%. The high local transverse strain shown in Fig. 3(c) indicates that a fracture might have already initiated at this location. It is also interesting to note that the crack seems to initiate as the epoxy binder and the fracture path deviate as it approaches the glass boundary. More importantly, the local transverse strain trend indicates that there might be a force chain mechanism with a favorable path for the force as observed in granular materials at macro-scale. 19, 20 In summary, an optical based experimental setup is developed and the deformation of the dynamically loaded granular samples is measured at sub-grain-scale and up to a framing rate of 1 × 10 6 /s. It is demonstrated that the existing optical system can be used for the mesoscale dynamic experiment to measure local strain in granular materials at high temporal and spatial resolutions. The experimental system provided quantitative data on local strain information in heterogeneous materials. In general, it is observed that the local strain field is highly heterogeneous, mostly confined in the polymer-rich region, and propagates as load progress and leads to shear banding in the material. The obtained full field local information can be further used to measure the relative motion of each crystal, crystal rotation, and the relative displacement between the interface and the crystals, which are very critical to understand the local failure mechanisms in heterogeneous materials. The experimental method can be extended and used to obtain strain field in other granular materials of even a smaller crystal size by using higher magnification lenses.
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